Electronic and magnetic properties of the charge ordered phase of LuFe 2 O 4 are investigated by means of x-ray spectroscopic and theoretical electronic structure approaches. LuFe 2 O 4 is a compound showing fascinating magnetoelectric coupling via charge ordering. Here, we identify the spin ground state of LuFe 2 O 4 in the charge ordered phase to be a 2:1 ferrimagnetic configuration, ruling out a frustrated magnetic state. An enhanced orbital moment may enhance the magnetoelectric coupling. Furthermore, we determine the densities of states and the corresponding correlation potentials by means of x-ray photoelectron and emission spectroscopies, as well as electronic structure calculations. 10-12 Below 240 K a longrange ferrimagnetic order sets in. 7 The fact that the ferroelectricity is caused by correlated electrons from the Fe ions leads to unusual properties and unique capabilities of LuFe 2 O 4 . A large response of the dielectric constant by applying small magnetic fields has been found, opening a possible route for future devices.
Multiferroic transition metal oxides, i.e., compounds in which more than one ferroic phase coexist, have gained enormous attention during the last few years. [1] [2] [3] [4] Besides a number of perovskites and related compounds, 2, 5, 6 the charge frustrated layered compound LuFe 2 O 4 has attracted intense interest due to its fascinating ferroelectric and magnetoelectric properties. 7, 8 LuFe 2 O 4 has a rhombohedral crystal structure ͑space group R3m͒. The underlying layered structure consists of W-like hexagonal Fe 2 O 2.5 and U-like LuO 1.5 layers. 9 The W layers comprise two triangular nets of Fe ions; the resulting electric polarization is induced via a frustrated charge ordering of Fe 2+ and Fe 3+ ions on the resulting honeycomb lattice below 330 K. [10] [11] [12] Below 240 K a longrange ferrimagnetic order sets in. 7 The fact that the ferroelectricity is caused by correlated electrons from the Fe ions leads to unusual properties and unique capabilities of LuFe 2 O 4 . A large response of the dielectric constant by applying small magnetic fields has been found, opening a possible route for future devices. 8 Phase transitions from the charge ordered ͑CO͒ phase have been very recently associated with a nonlinear current-voltage behavior and an electric-field-induced phase transition, which might be of interest for potential electric-pulse-induced resistive switching applications. 13, 14 The large magnetoelectric coupling has been attributed to an intricate interplay between charge and spin degrees of freedom with the crystal lattice and external electrical and magnetic fields to some extent on a short-range order. [15] [16] [17] [18] [19] However, there is still some confusion about the nature of spin-charge coupling in LuFe 2 O 4 . In particular a model finding a ͱ 3 ϫ ͱ 3 CO ground state 20, 21 is challenged by simulations implying that the electrical polarization in LuFe 2 O 4 is due to spin-charge coupling and a spin frustrated magnetic ground state in a chain CO state. 22, 23 On the other hand the first model finds a ferrimagnetic spin ground state where Fe 2+ and 1/3 of Fe 3+ make up the majority spin, and 2/3 of Fe 3+ make up the minority spin. X-ray magnetic circular dichroism ͑XMCD͒ is a very powerful tool to investigate the internal magnetic structure of the compound in question, including the unique possibility to separate the magnetic moments into their spin and orbital contributions. We applied XMCD to the Fe L edge in the charge ordered phase around 270 K and compare these results to corresponding full multiplet calculations. Furthermore, we performed x-ray photoelectron spectroscopy ͑XPS͒ and x-ray emission spectroscopy ͑XES͒ studies of the valence band. These results are compared to first-principles band-structure calculations in order to determine the Coulomb repulsion correlation strength between the Fe 3d and Lu 4f ions in LuFe 2 O 4 . High-quality single crystals were grown using a four-mirror floating zone furnace, as described elsewhere. 24 Core levels and valence band were recorded by means of XPS, using a PHI5600ci multitechnique spectrometer with monochromatic Al K␣ radiation with an overall resolution of about 0.3 eV. The XMCD, XAS, and XES measurements were performed at beamlines 4.0.2 and 8.0.1 at the Advanced Light Source in Berkeley, California. In order to get a sample surface free of contamination the crystal was cleaved in situ just prior to the XPS and XMCD experiments. In case of the bulk sensitive XES the sample was rinsed with isopropanol before mounting the sample into the transfer chamber. The ab initio electronic structure calculations were performed using the ͑linearized͒ full-potential augmented plane-wave method 25 of the density-functional theory, as implemented in the WIENK2K code. 26 The Fe L 2,3 XAS and XMCD are compared to full multiplet simulations which were carried out with the TT-multiplets program package. In our calculation, the hybridization between Fe 3d and O 2p states seems slightly stronger than in previously published works; this strength must to some extent depend on the U value used. Note that the above labeling of the 3d orbitals is only approximative in the structure in question, as the spin and orbital diversification and related distortions would reduce the symmetry. The results give rise to different combinations of d orbitals-see Khomskii and Kugel. 30 The hybridization between Fe 3d and O 2p states, a priori important for holding together the W layer, does not result in a substantial delocalization of magnetic moments, thus justifying our single-ion multiplet calculations. It can be concluded that magnetic density from Fe sites is only slightly spilled onto O in the W layer, not onto ͑equally close͒ O in the U layer. Note that this effect must be in fact somehow overestimated in the present calculation because of the ferromagnetic structure assumed, and in the genuine spincharge mixed structure the localization of magnetic moments on the Fe sites should be stronger.
In Fig. 3 the XMCD spectra of the Fe L edge, measured in total electron yield ͑TEY͒ mode at ϳ150 K, are presented in The Fe 2+ and Fe 3+ peaks of the L 3 edge are located at 708 and 709.5 eV, respectively. The Fe 3+ contribution is somewhat higher than 50% ͑due to the relatively high ambient pressure during cleaving the sample͒, and we had to take into account an additional Fe 3+ contribution in order to get the best fit to the XAS. A comparison of fluorescence yield to electron yield XAS measurements, not shown here, revealed a contribution of the additional Fe 3+ signal in the TEY spectra of about 50% compared to the bulk signal. This signal has been assumed not to contribute to the XMCD signal. The Fe L 2 -edge peaks are located at 721 and 723 eV with a shoulder at 720 eV. The experimental dichroic signal at the L 2 edge is very small, but the calculated dichroism at the L 2 edge is in agreement with experiment. The L 3 edge shows a clear dichroism at the Fe 2+ peak, whereas a smaller dichroism at Fe 3+ is of the opposite sign. This is a clear indication of all Fe 2+ sites being in the majority-spin state, while 1/3 of the Fe 3+ spin being in majority and 2/3 in minority. This configuration is also used for the multiplet calculations shown in Fig. 3͑b͒ and gives a very good agreement with the experiments besides the shoulder at 707 eV, which is overestimated by the calculation. In particular the reversal sign in the XMCD between 708 and 709.5 eV visible in the experimental data is perfectly reproduced by the simulations. We also calculated a frustrated spin configuration according to Nagano et al. 22 The results are shown in Fig. 3͑c͒ . As one can see there are significant differences between the measured spectra and the simulations, indicating that the Fe ions are not in a spin frustrated ground state.
This nonfrustrated spin configuration results in a saturation magnetic moment of the spin moment of 4 B − ͑2 / 3͒5 B + ͑1 / 3͒5 B = 2.33 B / f.u., considering a purely ionic configuration. The maximal orbital moment for Fe 2+ in a trigonal bipyramidal crystal field and in high spin state is m orb = Ϯ 2 B / f.u. for the occupation of d xy or d x 2 −y 2. Fe 3+ in high spin state has no orbital moment due to completely filled spin-up states and completely empty spin-down states. This results in a maximal total magnetic moment of m tot = 2.33 B / f.u.+2 B / f.u. = 4.33 B / f.u. In our experiment the spin and orbital sum rules give a spin magnetic moment equal to 1.1 B / f.u. and an orbital moment of 0.76 B / f.u. The simulated spectra and the expectation values obtained from the multiplet program were used to calculate a correction factor of 0.55 for the spin sum rule. The simulated spectra and the expectation values obtained from the multiplet program were used to calculate a correction factor to the effective spin sum rule. The correction factor found is 0.55, which also corrects for the non-negligible value of the magnetic dipole term ͑T z ͒ found to be 0.1 from the Fe 2+ simulations. The relatively high orbital moment can be explained by the anisotropy induced by the bipyramidal local environment, and it can be also determined from the multiplet calculation of Fe 2+ . The orbital moment is the reason for the spin-lattice interaction, and the magnetic easy axis is set by the orbital moment, which is fixed in the lattice by the electron configuration. Thus, this result clearly supports the model finding a ͱ 3 ϫ ͱ 3 CO ground state including significant intersheet spin-exchange interactions. 20, 21 In conclusion, we performed an electronic structure investigation of the charge frustrated multiferroic LuFe 2 O 4 with special emphasis on the charge ordered phase at room temperature, leading to a detailed picture of the electronic and magnetic properties. We identified the electronic states of the valence band by means of valence-band XPS and XES, and GGA+ U first-principles calculations. Fe L-edge XMCD and multiplet simulations demonstrate a strong coupling between the charge order and the magnetic structure of LuFe 2 O 4 . Furthermore, the quite large orbital moment found may enhance the magnetoelectric coupling. 
